We have used DNase I footprinting to assess the formation of triple helices at 15mer oligopurine target sites which are interrupted by several (up to four) adjacent central pyrimidine residues. Third strand oligonucleotides were designed to generate complexes containing central (X·TA) n or (X·CG) n triplets (X = each base in turn) surrounded by C + ·GC and T·AT triplets. It has previously been shown that G·TA and T·CG are the most stable triplets for recognition of single TA and CG interruptions. We show that these triplets are the most useful for recognizing consecutive pyrimidine interruptions and find that addition of each pyrimidine residue leads to a 30-fold decrease in third strand affinity. The addition of 10 µM naphthylquinoline triplex-binding ligand stabilizes each complex so that all the oligonucleotides produce footprints at similar concentrations (0.3 µM). Targets 
INTRODUCTION
The generation of three-stranded nucleic acid complexes was first demonstrated over four decades ago (1, 2) . Interest in these unusual DNA structures has recently focused on the potential use of oligonucleotides as sequence specific DNA-binding agents (3) (4) (5) . Triplex formation has also been used for nucleic acid affinity capture (6) (7) (8) , cosmid restriction site mapping (9) and site-specific labelling of supercoiled DNA (10) .
In these structures the third strand oligonucleotide lies in the major groove of duplex DNA forming specific hydrogen bonds to substituents on the purine bases. Two different types of triplex have been described which differ in the orientation of the third strand. Pyrimidine-rich oligonucleotides bind parallel to the duplex purine strand forming C + ·GC and T·AT triplets (11) (12) (13) , while purine-rich third strands bind in an antiparallel orientation forming G·GC, A·AT and T·AT triplets (14) (15) (16) . Formation of the parallel motif usually requires conditions of low pH, necessary for protonation of the third strand cytosines.
Since the third strand base forms hydrogen bonds to substituents on the purine strand of the duplex, these structures are generally restricted to homopurine target sites. However, if the triplex strategy is to be used for recognising mixed DNA sequences it will be necessary to devise methods for recognising pyrimidine residues. Within the parallel motif other weaker triplets have also been described for recognition of TA and CG base pairs, including G·TA (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) and T·CG (18, 19, (28) (29) (30) (31) (Fig. 1) . Since the third strand base makes only one hydrogen bond contact with the duplex pyrimidine, and these triplets are not isomorphous with T·AT and C + ·GC, they are less stable. To date most studies with these alternative combinations have used sequences containing only one G·TA (or T·CG) triplet, though two G·TA triplets were present in a complex formed on the 3′ long terminal repeat of HIV DNA, separated by four canonical triplets (17) . We have also shown that under certain conditions (AT) n can be targeted with (GT) n forming blocks of alternating G·TA and T·AT triplets (27) . The stability of the G·TA triplet is affected by the nature of the surrounding bases and may be stabilized by adjacent T·AT triplets (22, 25) . NMR studies on the G·TA triplet have suggested that, as well as forming a hydrogen bond between the guanine 2-amino group and the O4 of thymine, there is potential for an additional weak interaction with a thymine on an adjacent base pair (22, 25) .
In addition there appears to be a strong stacking interaction with a third strand thymine on the 5′-side.
These previous studies have attempted to extend the triplet recognition code for targeting sites containing single pyrimidine insertions within homopurine tracts. Recognition of mixed sequence DNA by triplex formation may require several pyrimidine residues to be tolerated within the target site. In this paper we have examined the effect of several consecutive pyrimidines (up to four) on triplex stability, using DNA fragments containing increasing numbers of adjacent pyrimidines, located at the centre of an oligopurine tract. In this way we have examined the formation of (X·TA) n and (X·CG) n (X = each base in turn) in the context of T·AT and C + ·CG triplets. We have also examined the *To whom correspondence should be addressed. Tel: +44 1703 594374; Fax: +44 1703 594459, Email krf1@soton.ac.uk effect of a naphthylquinoline triplex-binding ligand (Fig. 1C) on the stability of these complexes (32) (33) (34) (35) .
MATERIALS AND METHODS

Chemicals and enzymes
Oligodeoxynucleotides were purchased from Oswel DNA Service. BamHI-cut alkaline-phosphatase treated pUC18 and DNA ligase were purchased from Pharmacia UK. Bovine DNase I was purchased from Sigma, and stored frozen at 7200 U/ml. Restriction enzymes and reverse transcriptase were purchased from Promega. Triplex-stabilising ligand 1 (Fig. 1C ) was stored at -20_C as a 20 mM stock solution in dimethylsulphoxide and was a gift from Dr L. Strekowski, Department of Chemistry, Georgia State University.
DNA sequences
Complementary oligonucleotides were treated with polynucleotide kinase and annealed prior to ligation into BamHI-cut pUC18. Following transformation of calcium permeabilised Escherichia coli strain TG2, successful amp R clones were picked from agar plates containing IPTG and X-Gal as white colonies, in the usual way. The sequences of successful clones were confirmed by sequencing using a T7 dideoxy sequencing kit (Pharmacia). The eight different clones obtained, containing pyrimidine interruptions within the oligopurine tract, are shown in Table 1 . The inserts were oriented so that labelling the 3′-end of the HindIII site visualised the purine-containing strands of AAGAAAAGAAGAA-AA, AAGAAATTTAAGAAA and AAGAAACCCAAGAAA and the pyrimidine-containing strands of the other sequences.
DNA fragments
Plasmids containing the cloned inserts were digested with HindIII and SacI and labelled at the 3′-end of the HindIII site with [α-32 P]dATP using reverse transcriptase. The fragments of interest were separated from the remainder of the plasmid DNA on a 6% (w/v) non-denaturing polyacrylamide gel. The radiolabelled DNA was eluted from the gel slice and dissolved in 10 mM Tris-HCl pH 7.5 containing 0.1 mM EDTA at a concentration of at least 10 c.p.s./µl as measured on a hand held Geiger counter (∼10 nM). 
DNase I footprinting
Radiolabelled DNA (1.5 µl), oligonucleotide (1.5 µl) and 1.5 µl of buffer or triplex binding ligand (30 µM) were mixed to give final third strand concentrations between 100 and 10 -3 µM. Both the oligonucleotide and the triplex-binding ligand were dissolved in 50 mM sodium acetate pH 5.5 containing 10 mM MgCl 2 . The complexes were left to equilibrate for at least 3 h at room temperature (20_C). Digestion was initiated by adding 2 µl DNase I (0.4 U/ml, dissolved in 20 mM NaCl, 2 mM MnCl 2 and 2 mM MgCl 2 ), and stopped after 1 min by adding 4 µl of 80% formamide, containing 10 mM EDTA and 0.1% (w/v) bromophenol blue.
Electrophoresis
The products of digestion were separated on 10% (w/v) denaturing polyacrylamide gels (National Diagnostics) containing 8 M urea. Electrophoresis conditions were 1500 V/41 W for ∼2 h. Gels were soaked in 10% (v/v) acetic acid before drying at 80_C for 1 h, and exposed overnight to autoradiography at -70_C using an intensifying screen. Bands in the digestion pattern were assigned by comparison to Maxam-Gilbert sequencing lanes specific for adenine and guanine.
RESULTS
Triplex formation at an oligopurine site
Before studying the effects of central pyrimidines on the formation of intermolecular triplexes we first examined the formation of it can be seen that, in the absence of the ligand (left hand lanes), the oligonucleotide designed to form a perfect match at the target site, with a central C + ·GC triplet, produces a clear footprint which persists to a concentration of ∼30 nM. This footprint extends above (5′) the target site by ∼3-4 base pairs, and is accompanied by enhanced cleavage at the lower (3′) end. Such enhanced DNase I cleavage is often observed on the duplex purine strand at the triplex-duplex junction. In the presence of 10 µM triplex-binding ligand the footprinting pattern is very similar (though the enhancement at the 3′-end is slightly less pronounced) and persists to an oligonucleotide concentration of 10 nM, indicating a small (3-fold) increase in stability. Figure 2B shows the results of similar experiments using the oligonucleotide TTCTTTTATTCTTTT, which should generate an unstable A·GC triplet across the central base pair in place of C + ·GC. Although this oligonucleotide causes a general reduction in DNase I cleavage throughout the target no clear footprint is evident. On adding the triplex-binding ligand a footprint is evident at the highest oligonucleotide concentrations (>10 µM). Although this oligonucleotide does not produce a clear footprint it does generate enhanced cleavage at the 3′-(lower) end of the target, in the same position as that seen in Figure 2A , which presumably indicates a transient interaction with the target sequence.
Examples of enhanced DNase I cleavage in the absence of clear footprints have been observed in other studies (19, 26, 34) . These results confirm that the 15mer oligonucleotide, designed to form only C + ·GC and T·AT triplets forms a very strong interaction (K d ≈ 30 nM), and that changing the central base of the third strand from C to A causes a large decrease in affinity.
Since it might be argued that some of the oligonucleotides described below might bind by covering only half the target site, avoiding the central pyrimidine base(s), we examined the interaction of the 7mer sequence TTCTTTT with this target site. This oligonucleotide corresponds to the 5′ and 3′ regions of the 15mer studied above, and has the correct sequence to form a short triplex with either the 5′-(upper) or 3′-(lower) portions of the target site. The results of these experiments are shown in Figure 2C . It can be seen that although this oligonucleotide alone does not affect the cleavage pattern (left hand lanes), bands within the target site are attenuated with the highest oligonucleotide concentrations (100 and 30 µM) in the presence of the triplex-binding ligand. This is not accompanied by any enhanced DNase I cleavage. It therefore appears that the interaction of this short oligonucleotide with half the target site is much weaker (at least 1000-fold) than that of the full length 15mer. Figure 3 shows the result of similar experiments with a DNA fragment containing the target site AAGAAAATAAGAAAA, in which the G residue at the centre of the oligopurine tract has been replaced by T. This has been targeted with four different oligonucleotides which have been designed to form G·TA, C·TA, T·TA or A·TA triplets at the central TA base pair. The binding of these oligonucleotides has been examined in both the presence and absence of the triplex-binding ligand. In the absence of the ligand the oligonucleotides with central G, C or T produce clear DNase I footprints which persist to a concentration of 1 µM. The complex with a central A is less stable, and bands within the target site are still visible with 3 µM oligonucleotide. These footprints extend beyond the target site by 3-4 bases in both the 3′ and 5′ directions. No enhancements are evident at the triplex-duplex junctions, as is usual when observing the pyrimidine strand of the duplex. It is clear that the formation of these complexes requires higher oligonucleotide concentrations than at the perfect oligopurine tract. The observation that complexes containing central G·TA, C·TA or T·TA have similar stabilities was surprising, and suggests that in this instance, G·TA offers little or no advantage over these other triplets and that the stability of the complex is dominated by the 12 × T·AT and 2 × C + ·GC triplets. However, each of these complexes is more stable than that generating a central A·GC triplet (Fig. 2B ). This suggests that X·YR triplets formed at pyrimidine interruptions are less destabilising than an A·GC triplet formed at the same position. Interestingly we noted that these complexes are formed much more slowly than those at the perfect oligopurine target and that bands were still evident within the target sites after 30 min incubation. In the presence of 10 µM triplex-binding ligand the footprints (which form much faster) extend to similar concentrations (0.3 µM) with all four oligonucleotides. It should also be noted that, although these footprints cover the entire target, they are shorter at the upper (5′) end, and terminate at the edge of the target site where there is enhanced cleavage. This unusual effect has previously been observed with other triplexes in the presence of this ligand (34) and will be considered further in the Discussion. Figure 4 shows the results of similar experiments using the target site containing a C in the centre of the purine tract. It can be seen that, in the absence of the ligand, all four oligonucleotides produce footprints which cover the entire target. For the third strand containing a central T (generating a T·CG triplet) the footprint persists to a concentration of ∼1 µM, though bands within the target site are still attenuated with 0.3 µM oligonucleotide. In addition two bands are evident at the centre of the target site at all oligonucleotide concentrations. We can be sure that these are genuine DNase I cleavage products, and not artifacts, as they are no longer present after adding the triplex-binding ligand (see below). The oligonucleotides containing central C or A also footprint to 1 µM, but more bands can be seen within the target site, while the oligonucleotide containing a central G requires slightly higher concentrations. It seems that, at this target site, the rank order of triplet stability is T·CG > C·CG = A·CG > G·CG. In the presence of 10 µM triplex-binding ligand all four oligonucleotides produce footprints which persist to 0.3 µM. The triplex-binding ligand has removed the weak bands at the centre of the target site, and as seen with the target containing a central T, the ligand-induced footprints are 3-4 bases shorter and now coincide with the 5′-(upper) end of target site where there is enhanced DNase I cleavage. Figure 5 shows DNase I footprinting patterns for the fragment containing two Ts at the centre of the oligopurine tract. It can be seen that the oligonucleotide containing two central Gs (forming two adjacent G·TA triplets) causes attenuated DNase I cleavage at concentrations >10 µM. Similarly, oligonucleotides with two Ts or two As at the centre only show reduced cleavage at the highest concentration (100 µM) while very little change is observed with two central Cs. In this instance it appears that (G·TA) 2 is the most stable combination; (T·TA) 2 , (A·TA) 2 and (C·TA) 2 are much weaker. In the presence of 10 µM triplex-binding ligand all four oligonucleotides produce clear footprints which cover the entire target site. These are in a similar location to those seen with the targets containing single pyrimidine residues ( Figs 3  and 4) ; the footprints extend by 3-4 bases beyond the lower (3′) edge of the target site, but are coincident with the upper (5′) edge where there is enhanced DNase I cleavage. These footprints require oligonucleotide concentrations of 0.3, 1, 3 and 10 µM for central G, C, T and A, respectively, suggesting that the rank order of stability is (G·TA) 2 > (C·TA) 2 > (T·TA) 2 > (A·TA) 2 . In the presence of the ligand the stability of the complex with (G·TA) 2 is very similar to that with a single G·TA (Fig. 3) . Figure 6 shows DNase I footprinting patterns for the fragment containing two Cs at the centre of the oligopurine tract. In the absence of the ligand none of the oligonucleotides produce a clear footprint, though there is attenuated cleavage with the highest concentration (100 µM) of the oligonucleotide generating two T·CG triplets. Comparison with Figure 5 suggests that two consecutive T·CG triplets are marginally less stable than consecutive G·TAs. In the presence of 10 µM triplex-binding ligand all four oligonucleotides produce footprints in a similar location to those seen with the other sequences shown in Figures 3, 4 and 5. These footprint to concentrations of 0.1, 0.3, 1 and 1 µM for central T, C, G and A, respectively, suggesting that the rank order of stability is (T·CG) 2 > (C·CG) 2 > (G·CG) 2 = (A·CG) 2 . In the presence of the ligand the stability of the complex with (T·CG) 2 is very similar to that with a single T·CG (Fig. 4) . Figure 7 (left hand panel) shows DNase I footprinting patterns for the fragment containing three consecutive Ts at the centre of the oligopurine tract. In the absence of the ligand none of the oligonucleotides affect the cleavage pattern. However, in the presence of 10 µM triplex-binding ligand the oligonucleotide containing three central guanines produces a clear footprint at the target site which persists to a concentration of 3 µM. Although this is a specific interaction, the complex is less stable than that seen with two consecutive G·TA triplets (Fig. 5) . No enhanced cleavage is evident at either end of the target site, even though we are observing the purine-containing strand. None of the other oligonucleotides affects the cleavage pattern in the presence of the triplex-binding ligand, even at the highest concentration (100 µM). In this case it is clear that (G·TA) 3 provides the most stable means of recognising (TA) 3 . Figure 7 (right hand panels) shows DNase I footprinting patterns for the fragment containing three consecutive Cs at the centre of the oligopurine tract, in the presence of oligonucleotides containing three consecutive Cs or Ts. No interaction is seen with oligonucleotides containing central G or A (not shown) in either the presence of absence of the triplex-binding ligand. In the absence of the ligand neither the T-nor C-containing oligonucleotides produce DNase I footprints, though both oligonucleotides produce enhanced DNase I cleavage at the 3′-(lower) end of the target site in a concentration dependent fashion. In the presence of the triplex-binding ligand a clear footprint is observed at the target site with the T-containing oligonucleotide which persists to a concentration of 3 µM, which is also accompanied by enhanced cleavage at the triplex-duplex junction. This enhancement persists to lower oligonucleotide concentrations. A similar footprint is also observed with the oligonucleotide containing three central Cs, but this requires higher oligonucleotide concentrations. In this case it is clear that (Y·CG) 3 provides the most stable means of recognising (CG) 3 and that T·CG is more stable than C·CG.
One central X·TA triplet
One central X·CG triplet
Two central X·TA triplets
Two central X·CG triplets
Three central X·TA triplets
Three central X·CG triplets
Four central X·TA triplets
In similar experiments (not shown) we used DNase I footprinting to examine triplex formation at the target containing four consecutive Ts at the centre of the oligopurine tract, using an oligonucleotide containing four central Gs. In this case no footprints were evident in either the presence or absence of the triplex-binding ligand. It appears that (G·TA) 4 cannot be stabilised by the surrounding 11 T·AT and C + ·GC triplets, even in the presence of the triplex-binding ligand. 
Four central X·CG triplets
Further experiments (not shown) examined triplex formation at the target containing four consecutive Cs at the centre of the oligopurine tract, in the presence of the oligonucleotide containing four consecutive Ts. In this case although no footprint was seen with the oligonucleotide alone (even at 100 µM), the cleavage pattern was altered in the presence of the triplex-binding ligand. In this case bands within the target site were attenuated and there was enhanced cleavage at the 5′-(upper) end of the target site, suggestive of some specific interaction. It appears that although (T·CG) 4 is a poor combination, it is better than (G·TA) 4 .
DISCUSSION
The results presented in this paper demonstrate that it is possible to recognise oligopurine tracts containing multiple pyrimidine interruptions by triple helix formation. Although previous studies have examined the effect of single pyrimidine insertions, the present work addresses the effects of several (up to four) consecutive pyrimidine bases on triplex stability.
Single G·TA and T·CG triplets
The complexes formed across single pyrimidine residues within an oligopurine tract are less stable than those containing only T·AT and C + ·GC triplets, requiring ∼30-fold higher oligonucleotide concentrations than at the simple oligopurine site. Although this is a large decrease in stability, it is less than that produced by a single A·GC mismatch. It may be a general feature that recognition of pyrimidines within a homopurine target is less destabilising than targeting a purine with the wrong third strand base (e.g. A·GC). This may be due to the larger size of the purine base which will impose a greater distortion on the phosphodiester backbone. The equivalence of single G·TA, T·TA and C·TA triplets within this structure was surprising, but suggests that the stability of these complexes is dominated by the blocks of T·AT and C + ·GC triplets. However, the lower stability of A·TA, taken together with the different affinities of the various oligonucleotides at multiple TA and CG sites, demonstrates that the T·AT and C + ·GC triplets are not the only factors controlling the stability of these complexes. As shown in other publications T·CG is the best triplet for recognition of a CG base pair, though C·CG is only slightly less stable. Since the T·CG triplet involves a hydrogen bond between the exocyclic amino group of C and O2 of T, a similar structure can be envisaged using O2 of C as the hydrogen bond acceptor. Indeed it is difficult to see why T·CG should be more stable than C·CG.
Multiple pyrimidines
For sequences containing more than one pyrimidine the discrimination between the various triplet combinations becomes more pronounced. The stability for third strand recognition of two consecutive Ts is G > C > T> A, while for recognition of two Cs the order is T > C > G = A. The different order in these two cases emphasises the specificity of the G·TA and T·CG triplets and suggests that these triplets are not merely the best tolerated on account of the base stacking (which would be the same for recognition of both TA and CG). These results with unmodified oligonucleotides differ from those in a recent study which incorporated an acridine in the third strand adjacent to the mismatched base (28) . These showed that G·CG generated the most stable complex, an interaction which may be affected by the stacking of the base against the intercalating acridine.
It might be postulated that the footprints arise from binding of the third strand oligonucleotide to one or other half of the oligopurine target without interacting with the central pyrimidine(s). However, we can dismiss this suggestion for two reasons. Firstly the 7mer oligonucleotide, which could in theory bind to either half of the target site, failed to produce clear DNase I footprints (Fig. 1C) . Secondly models which involved half-site recognition by the 15mers do not explain the variations in affinity displayed by oligonucleotides with different central bases.
The concentrations of best oligonucleotide required to generate a footprint at the various target sites are ∼0.03, 1 and 30 µM for 0, 1 and 2 pyrimidines, respectively, and 0.01, 0.3, 0.3 and 3 µM for 0, 1, 2 and 3 pyrimidines in the presence of the triplex-binding ligand. There appears to be a ∼30-fold decrease in third strand affinity for each successive pyrimidine substitution in the oligopurine tract. Since G·TA and T·CG are not isomorphous with each other or with the canonical T·AT and C + ·GC triplets there must be a distortion in the DNA backbone at each of these triplets. Although successive G·TA or T·CG triplets impart a further decrease in stability due to the loss in hydrogen bonding, their effects may not be strictly additive as there will be no further backbone distortions since successive numbers of these triplets will be isomorphous with each other. Nonetheless, within the range of concentrations employed in this work, two adjacent pyrimidines is the upper limit for triplex recognition; this is extended to three pyrimidines in the presence of the triplex-binding ligand. Although these triplets may not provide a practical means of recognising CG and TA inversions they indicate the least destabilising combinations which might be used for 'skipping' these bases when using longer triplex-forming oligonucleotides.
Triplex-binding ligand
The results presented in this paper demonstrate that the naphthylquinoline triplex-binding ligand can be used to stabilise complexes which contain unusual or weak triplets. This increased binding strength is accompanied by some loss of stringency, especially for complexes which contain only one base pair inversion. However, in each case the third strand still binds to the specific target site and does not affect DNase I cleavage in the remainder of the fragment.
An unusual observation is that, in the presence of the ligand, several of the footprints are shorter by 3-4 bases at the 5′-(upper) end of the target, where they are accompanied by enhanced DNase I cleavage at the triplex-duplex junction. This effect has been noted previously for the effect of the naphthylquinoline compound on the binding of C 5 T 5 to the target sequence G 5 A 5 ·T 5 C 5 , but was not seen for the interaction of T 5 C 5 with A 5 G 5 ·C 5 T 5 (34) . It is worth remembering that these footprints do not arise from steric occlusion of the enzyme by the third strand since DNase I cuts from the DNA minor groove, whereas the third strand oligonucleotide is located in the major groove. Triplex footprints must therefore arise from oligonucleotide-induced changes in DNA structure and/or rigidity. Examination of these cleavage patterns reveals that, in the presence of the ligand, the upper (5′) edge of the footprints is located at the boundary of the target site, whereas with the oligonucleotide alone the footprint extends by a further 3-4 bases. Since DNase I footprints are usually staggered in the 3′ (not 5′) direction we would expect the upper edge of the footprint to lie close to the end of the target site. It therefore appears that the unusual pattern is produced by the oligonucleotide alone, generating a footprint which is longer than expected; this reverts to the predicted size in the presence of the ligand. One explanation for this phenomenon is that the oligonucleotide-induced changes continue beyond the actual target site, whereas in the presence of the triplex-binding ligand these are restricted to the actual site of interaction. Previous studies have suggested that these changes are only observed when Ts are located at the 3′-end of the third strand oligonucleotide (34) consistent with the present studies.
